ABSTRACT The host quality model for explaining the sex ratio of progeny of hymenopterous parasitoids was tested with Anisopteromalus calandrae (Howard) parasitizing Sitophilus oryzae (L.). The life span of females and males did not show any inßuence of body size: 15.3 Ϯ 6.14 and 15.9 Ϯ 4.16 d for females of small and large size, and 5.4 Ϯ 1.90 and 6.0 Ϯ 2.30 for males. However the reproduction rate of large females was twice as high as for small females (80.9 Ϯ 5.78 versus 37.4 Ϯ 3.16). Large males mated with twice as many females as did small males (19.2 Ϯ 3.8 versus 8.1 Ϯ 3.8), suggesting that females do not gain greater Þtness by being large than males. In a system in which the parasitoid was permitted to search among randomly dispersed host patches, large females showed a higher net reproduction rate than small females. This was not inßuenced by the size of male the females mated with: 132.8 Ϯ 9.81 and 132.5 Ϯ 7.41 for large females mated with large and small males, respectively, and 70.4 Ϯ 13.72 and 54.07 Ϯ 6.17 for small females mated with large and small males. The size-dependent dispersal ability among host patches of females, which is the active dispersal sex, is another factor that inßuenced oviposition behavior of A. calandrae, which assigns daughters on large hosts and sons on small hosts.
THE HOST QUALITY MODEL for the sex ratio of the progeny of hymenopterous parasitoids assumes that allocation of resources to male and female progeny is responsive to the relative gains possible through either sex function (Charnov 1982) and that females gain greater Þtness by being large than do males. Females assigning sons on small hosts and daughters on large hosts would therefore be selected in the evolutionary process. This host size-related sex allocation is supported by many experimental studies on parasitoids (Charnov 1982 , van den Assem et al. 1984 , King 1993 , Hardy 1994 , Mayhew and Godfray 1997 , Napoleon and King 1999 , Bertschy et al. 2000 , Choi and Ryoo 2002 , Ode and Heinz 2002 , Yu et al. 2003 ).
Many experimental studies tested whether the differences in Þtness between large and small females are really greater than between large and small males. Most studies supported the greater Þtness of large females than large males (van den Assem et al. 1989; Ode and Strand 1995; Ueno 1998 Ueno , 1999 Pandey and Singh 1999) , but some did not (Boivin and Lagace 1999) . These studies were limited to some simple characters of a parasitoid, such as adult life span, fecundity of females, and copulation potential of males in relation to size, and were not conclusive.
The current study was conducted to evaluate the Þtness of females and males of Anisopteromalus calandrae (Howard) in relation to size, via a precise life table analysis and the overall reproduction rate of females and males in a system in which the parasitoid disperses freely among the host patches. Size-related dispersal ability among host patches in the Þeld, and the resulting overall reproduction pattern, also could be an important factor for the Þtness, as in Asobara tabida Nees (Ellers et al. 1998) .
A. calandrae is a solitary larval ectoparasitoid of certain stored grain beetles, including the rice weevil, Sitophilus oryzae (L.). Female A. calandrae show typical oviposition behavior in response to host size; daughters are placed on large hosts and sons on small hosts (van den Assem et al. 1984 , Choi et al. 2001 , Choi and Ryoo 2002 .
Materials and Methods
Host and Parasitoid. The rice weevil and its larval parasiotoid A. calandrae have been maintained on brown rice, Oryza sativa L., in our laboratory for Ͼ15 yr.
Twenty adult rice weevils were placed in a 10-ml beaker containing 5 g of brown rice (moisture content 13.5Ð14.5%), and were allowed to lay eggs for 24 h at 28 Ϯ 1ЊC and 75 Ϯ 5% RH. The adults were then removed from the beaker, which was incubated for a further 15 and 20 d under the same conditions, so that the weevil eggs could develop into the third or fourth instar (Ryoo and Cho 1988) . The third instar is referred to as a small host and the fourth instar as a large host. Grains containing small and large hosts are easily detected and identiÞed under a stereomicroscope.
The female and male A. calandrae emerging from the large hosts were signiÞcantly larger than those from the small hosts. The head capsule width (mean Ϯ standard error) of large-host female A. calandrae was 0.67 Ϯ 0.02 mm and of small female A. calandrae was 0.50 Ϯ 0.02 mm (t ϭ 6.57, df ϭ 38, P Ͻ 0.01), and the length of the tibia of the hind leg, which is related to the body size as in A. tabida (Ellers et al. 1998 ) was 0.48 Ϯ 0.01 and 0.33 Ϯ 0.02 mm, respectively (t ϭ 7.68, df ϭ 38, P Ͻ 0.01). The head capsule width of largehost and small-host male A. calandrae was 0.29 Ϯ 0.01 and 0.21 Ϯ 0.01 mm, respectively (t ϭ 5.70, df ϭ 38, P Ͻ 0.01), and the hind leg tibia length was 0.17 Ϯ 0.08 and 0.12 Ϯ 0.05 mm, respectively (t ϭ 5.25, df ϭ 38, P Ͻ 0.01).
Effect of Size of Female A. calandrae and Host on Host Searching, Feeding, and Progeny Sex Allocation. A female and male A. calandrae of the desired size (small or large), Ͻ24 h old, were introduced into a 10-ml beaker containing 20 grains harboring hosts of the desired size (small or large) and were held at 28 Ϯ 1ЊC and 75 Ϯ 5% RH in continuous darkness for 24 h. The adult parasitoids were removed from the beakers, and the treated beakers were maintained under the same conditions. The adult A. calandrae emerging from the beakers were sexed and recorded daily until all possible adults had emerged. The rice grains in the beakers were then dissected under a stereomicroscope to examine the cause of host death.
The effects of the size of female A. calandrae parasitizing hosts of different size were studied by the four combinations of parasitoid and host size (large female on small host, large female on large host, small female on small host, and small female on large host), by using at least 30 replications per combination.
Fitness of Female and Male A. calandrae of Different Size. The Þtness of female A. calandrae of different size was evaluated on the basis of life table statistics, including the intrinsic rate of natural increase, the net reproduction rate, the generation time, and the life span of the females. A female of desired size, together with a large male, Ͻ24 h after emergence, were placed in a 10-ml beaker containing 30 brown rice grains harboring large hosts and were held at 28 Ϯ 1ЊC and 75 Ϯ 5% RH. A preliminary study showed that a female A. calandrae could attack 29 hosts at maximum per day when the number of host per 10-ml beaker was 30 or more (J.J., unpublished data; Ryoo et al. 1996) . The female and male in each beaker were transferred each day to a fresh beaker containing 30 rice grains harboring large hosts. The old beakers were further incubated under the same conditions, so that the parasitoid eggs laid on the hosts could develop. The adult A. calandrae emerging in the beakers were sexed and recorded daily until all possible parasitoids had emerged. Life table statistics of female A. calandrae of different sizes were estimated based on the data observed from Ͼ20 females, and their variations were estimated with the jackknife method (Meyer et al. 1986) . By the life table statistics estimated from large females Ͼ20 was similar to that reported (Chun et al. 1993) .
The Þtness of male A. calandrae of different size was evaluated on the basis of life span, the mating period deÞned as the period in which he is ready to mate with the females encountered, and the number of females inseminated during his life span. A male of the desired size (small or large) was introduced into a 10-ml beaker harboring 20 large virgin females Ͻ24 h and held at 28 Ϯ 1ЊC and 75 Ϯ 5% RH for 24 h. A preliminary study showed that the number of females a male could mate with ranged from one to 12 in a day (J.J., unpublished data). Every day, the male was transferred to a new beaker harboring 20 virgin females. Each of 20 females in the old beakers was provided with 10 grains harboring large hosts in a 10-ml beaker and was allowed to attack the hosts for 24 h. A female A. calandrae of the age could produce Ͻ6 eggs (Chun et al. 1993 ). The treated beakers were then held further under the same conditions, and the adult A. calandrae emerging from the beakers were recorded and sexed daily. If all the progeny from a female were male, we supposed that the female was not inseminated. More than 30 males per size were tested.
Fitness of A. calandrae with Dispersal. In a Plexiglas cage (75 by 45 by 20 cm), 200 glass vials (two by 4.5 cm) were distributed in a regular pattern. This experimental arena could simulate a system composed of 200 patches for rice weevil (host) and A. calandrae. Chun et al. (1998) showed through a long-term study that brown rice distribution pattern among the glass vials inßuenced the hostÐparasitoid dynamics and that the glass vials in the arena could be considered as ecological patches for the rice weevil and A. calandrae. Into each of 20 glass vials selected randomly from those 200, 10 rice grains harboring large hosts were introduced. Two females and males of A. calandrae, Ͻ24 h old, were released at the center of the cage and held at room temperature, in the range 22Ð30ЊC. The emerging A. calandrae were recorded and sexed every day from the Þfth day until all the possible insects (A. calandrae and host) had emerged. To evaluate the Þtness of female and male A. calandrae of different sizes, the overall net reproduction rate of A. calandrae was studied using four mating combinations: large female with large male, large female with small male, small female with large male, and small female with small male. Each replication of the four combinations was begun simultaneously and was repeated Þve times.
Data Analysis. Sex ratio is deÞned as the ratio of males to the total number of parasitoids. The attack rate of A. calandrae was estimated as (X P ϩ X f )/X C , where X p , X f , and X c are, respectively, the number of A. calandrae that emerged, the number of hosts fed on, and the number of hosts that emerged in the beakers without A. calandrae.
Parasitoid-induced mortality (PIM) (Wen et al. 1994 ), host mortality due to feeding or paralyzing of the parasitoid without oviposition, was estimated as (X c Ϫ X t )/X c. X c and X t are the number of hosts that emerged in the beakers without A. calandrae, and the number of total insects (host and A. calandrae) that emerged in the beakers with A. calandrae and that of dead larvae in the beakers with A. calandrae.
The data were statistically analyzed using TTEST PROC and GLM PROC (SAS Institute 1990), and the means were separated by FisherÕs least signiÞcant difference at the 5% level of ␣ error. Where necessary, the data were transformed into arc sin ͌x or log(x) before analysis.
Results

Fitness of Large and Small Females and Males.
Both small and large females allocated the sex of their progeny according primarily to the size of hosts attacked; daughters on large hosts and sons on small hosts. Thereby, the progeny sex ratio (mean Ϯ SEM) was 0.22 Ϯ 0.03 and 0.65 Ϯ 0.03 on large hosts and small hosts, respectively (F ϭ 84.56; df ϭ 1,133; P Ͻ 0.001). Interestingly, small females assigned a higher proportion of daughters on large hosts (lower sex ratio) than the large females do, suggesting an interaction between parasitoid size and host size (F ϭ 12.87; df ϭ 1,133; P Ͻ 0.001) (Fig. 1A) .
Large females attacked more hosts than small females; the attack rate (ϮSEM) of large females and small females was 0.78 Ϯ 0.02 and 0.60 Ϯ 0.06, respectively, indicating that large females are more active in host searching than small ones (Fig. 1B) (F ϭ 6.99; df ϭ 1,134; P Ͻ 0.01).
Both large and small females induced higher mortality of small hosts than that of large hosts due to the other causes than parasitization, such as feeding (0.23 Ϯ 0.02 versus 0.09 Ϯ 0.01; F ϭ 10.07; df ϭ 1,134; P Ͻ 0.001) (Fig. 1C) .
The mean life span (ϮSEM) of large females was similar to that of small females (t ϭ 0.38, df ϭ 45, P Ͼ 0.05) ( Table 1) . Large females showed similar survival curve to that of small females but a different reproduction schedule ( Fig. 2A and B) and produced more female progeny than small females (83.71 Ϯ 5.21 versus 37.25 Ϯ 3.18; t ϭ 6.23, df ϭ 45, P Ͻ 0.0001). The net reproduction rate of large females was about twice that of small females (Table 1 ). The sex ratio of progeny produced by the females became higher with the age of females (F ϭ 7.49; df ϭ 18,18; P Ͻ 0.0001) but was not related to the size of the females (F ϭ 0.80; df ϭ 1,18; P Ͼ 0.38) (Fig. 2C) .
The mean life span (ϮSEM) and mating period of large males were similar to those of small males (t ϭ 0.98, df ϭ 65, P Ͼ 0.30 and t ϭ 1.42, df ϭ 65, P Ͼ 0.05, respectively). However, the large males mated significantly more females than did small males (t ϭ 2.30, df ϭ 65, P Ͻ 0.05) ( Table 2) . Figure 3 shows the estimated relative Þtness of small females and males to the large females and males, respectively. Relative Þtness of small females was evaluated based on the ratio of the net reproduction rate of small females to that of large females because only the rate was related to the size of females ( Fig. 2 ; Table  1 ). The relative Þtness of small males was evaluated based on the ratio of the number of females the small males mated with to the number of females large males mated with because both the life span and the mating period of large and small males were similar to each other (Table 2) . Fig. 1 . Effects of female and host size on (A) progeny sex ratio produced, (B) attack rate, and (C) PIM of hosts without being parasitized. The vertical lines indicate SEM of the means. The progeny sex ratio was biased to females on large hosts and males on small hosts (F ϭ 84.56; df ϭ 1,133. P Ͻ 0.001), whereas PIM of small hosts were higher than that of large hosts regardless of female size (F ϭ 10.07; df ϭ 1,134; P Ͻ 0.001). Large females showed higher attack rate than small females (F ϭ 6.99; df ϭ 1,134; P Ͻ 0.01). 
Fitness of Parasitoids of Different Size in a Patch
Environment Allowing Host Search. As shown in Fig.  4 , the large females had a signiÞcantly higher net reproduction rate than the small females, regardless of the size of the males they mated with (F ϭ 20.93; df ϭ 3,18; P Ͻ 0.01). In the four combinations, the net reproduction rate (number of females produced) per two females (mean Ϯ SEM) was 132.8 Ϯ 9.81, 132.5 Ϯ 7.41, 70.4 Ϯ 13.72, and 54.0 Ϯ 6.17, for the combinations of large females with large males, large females with small males, small females with large males, and small females with small males, respectively. The sex ratio of A. calandrae produced was female biased and was similar among all four mating combinations (F ϭ 0.75; df ϭ 3,18; P Ͼ 0.5); the overall sex ratio (ϮSEM) was 0.32 Ϯ 0.16 (Fig. 4) .
Discussion
Regardless of the size of females and males of A. calandrae, the progeny sex ratio produced on large hosts was biased to females, as the host quality model predicts (Figs. 1 and 4) . However, the net reproduction rate of the female, the mating potency of male, the life span of female and male, and mating period of male did not support the hypothesis that females are more favored by being large than males (Fig. 3) . Boivin and Fig. 2 . Survival rate curves (A), reproduction rate (the number of female progeny produced per female) curves (B), and sequential changes in the progeny sex ratio with the age (C) of large and small female. Total number of female progeny produced per large female was signiÞcantly higher than that of small females (80.9 Ϯ 5.78 versus 37.4 Ϯ 3.16; t ϭ 6.23, df ϭ 45, P Ͻ 0.001). Regardless of the female size, the progeny sex ratio became higher as the age of female increased. Lagace (1999) found similar feature in Trichogramma evanescens Westwood that females did not gain greater Þtness by being large than males did. The small males of T. evanescens were inferior competitors to the large ones, took longer to induce female receptivity, and had lower mating potency than large males.
The possibility of greater Þtness of females being large than males has also been discussed on the basis of the differential mortality of the sexes during development (Waage 1986 ), size-related mating competition between males (Ueno 1999) . The current study showed some indirect evidence that the characteristics also are not size related and thus does not support the greater Þtness of females being large than that of males. The higher parasitoid-induced mortality of small hosts than that of large hosts (Fig. 1C) was not due to higher mortality of female progeny during development than males on small hosts, but mostly due to feeding of the females. Choi and Ryoo (2002) considered the phenomenon as the result of feeding preference of females for small hosts over large hosts. The mating competition between males of different sizes was not tested in this study, but the phenomenon observed from Pimpla nipponica Uchida that small males are more adaptive than large males (Ueno 1999) was not found (Fig. 4) .
The reproduction rate of A. calandrae of different sizes in the experimental arena, where the females and males dispersed freely among host patches (Fig. 4) , suggests that the dispersal behavior of females and males could be another factor involved in sex allocation by female A. calandrae; daughters on large hosts and sons on small hosts. Adult males of A. calandrae generally stay in their natal patch (glass vial), waiting for the females to emerge from the same patch (J.J., unpublished data; Nunney and Luck 1988) . By this means, the males mostly succeed in mating with females emerging from the same patch (Kim et al. 1995) . In contrast, females disperse readily with or without mating from the natal patch to the other patches. Considering the size-dependent dispersal ability reported from other parasitoids (Kazmer and Luck 1995) , the large females, having greater dispersal ability, could search the hosts in more patches and produce more offspring than small females (also see Fig.  1B ). However, the males, the less dispersal sex, could not attain higher Þtness by being large as the females do. Thus, the differences in Þtness between large and small females would be greater than that of males in multi-patch systems, in which the hosts disperse among the patches as shown in this study. The fact that the number of offspring was not related to male size, but to female size, supports this idea. Bulmer and Taylor (1980) and Bulmer (1986) found that sex ratio should be biased in favor of the sex of higher dispersal activity. If the females are the active dispersal sex, and need more energy than males to disperse, then those females assigning daughters on large hosts would be favored, as predicted by the host quality model and found in this study of A. calandrae.
Being a laboratory study under optimum and simple environmental conditions, this consideration could be limited to some laboratory populations, as with A. calandrae in this study. Therefore, it could be dangerous to adopt this consideration further to the sex allocation of Þeld populations that are under complex and severe environmental conditions. Very few studies have examined the size-related Þtness of parasitoids in relation to their differential dispersal. More studies on Þeld populations are required to provide concrete evidence that host quality-dependent sex allocation is related to dispersal behavior and ability. Fig. 4 . Net reproduction rate (number of females produced) per two females (A) and the progeny sex ratio produced (B) from the combination of large females with large males (LFLM), large females with small males (LFSM), small females with large males (SFLM), and small females with small males (SFSM) in the experimental arena where randomly chosen 20 among 200 glass vials had 10 large hosts. The vertical lines indicate SEM of the means. The large females showed signiÞcantly higher net reproduction rate than the small females regardless of the size of the males they mated with (F ϭ 20.93; df ϭ 3,18; P Ͻ 0.01). The sex ratio of A. calandrae produced was female biased and was similar among all four mating combinations (F ϭ 0.75; df ϭ 3,18; P Ͼ 0.5).
